Abstract: In this paper, we propose a photonic crystal fiber with broadband ultra-flattened normal dispersion at 2 μm. In this fiber, a subwavelength air hole in the core region and air holes arrangement in the cladding region are used to control the property of dispersion. With optimized design, the dispersion of the proposed ultra-flattened normal dispersion fiber (UNDF) can be kept within -72.4 to -73.15 ps·nm -1 km -1 from 1750 to 2350 nm wavelength. Benefiting from this advantage, the fiber shows great potential in the applications of coherent supercontinuum (SC) generation and dissipative soliton resonance (DSR) generation in thulium-doped fiber lasers. According to our investigation, coherent SC with 10-dB bandwidth of 238 nm can be obtained by using 50-cm UNDF. Furthermore, by constructing a UNDFbased nonlinear optical loop mirror as a saturable absorber, we specifically investigate the field evolution from dissipative soliton to DSR in passively mode-locked lasers. The proposed UNDF can be a key component for various laser sources in a 2-μm band.
Introduction
With the rapid development of 2 μm band related technology and the huge gain bandwidth (1.8 μm-2.1 μm) provided by thulium-doped fiber (TDF), the 2 μm band has great potential to become the next fiber transmission window [1] - [3] . Furthermore, 2 μm band is safe for human eyes due to its high absorption peak for carbon dioxide and water and it is widely used in various fields. Supercontinuum (SC) generation and ultrafast pulsed generation are two of the main research hotspots at 2 μm band. SC which features a broadband spectrum is an ideal tool for spectroscopy, optical tomography, sensing, etc. The SC generated in optical fiber is a combined effect between dispersion and nonlinear effects. Typically, it is easier to broaden the optical spectrum by leveraging the anomalous dispersion [4] . However, SC produced in this dispersion regime usually possesses low coherence, which greatly restricts its application in the research fields such as medicine [5] , metrology [6] and optical pulse compression [7] . On the contrary, in all-normal dispersion regime, the spectral broadening is mainly dominated by self-phase modulation (SPM) and optical wave breaking (OWB) [8] . Therefore, though SC generated in this regime possesses narrower bandwidth, it enables better pulse to pulse temporal coherence and spectral flatness over the entire output bandwidth compared to its counterpart generated in anomalous dispersion regime [9] . In the past few years, SCs pumped at 2 μm have been theoretically or experimentally demonstrated in various novel fibers with anomalous dispersion [10] - [12] . However, low noise SC originated in pure normal dispersion is still challenge.
Passively mode-locked fiber laser is one of the main methods to produce ultrafast pulses with deterministic repetition rate. Currently, various saturable absorbers (SAs), such as semiconductor saturable absorber mirrors (SESAMs) [13] , carbon nanotubes [14] - [16] , and graphene [17] , have been employed for ultrafast pulse generation. In addition, an effective saturable absorber based on the nonlinear phase shift, is another way to generate mode-locked pulses, such as nonlinear polarization evolution (NPE) [18] and nonlinear optical loop mirror (NOLM) [19] - [21] . Both NPE and NOLM are equivalent to a real SA and sustain high power level. At 2 μm, various fiber lasers have been demonstrated to produce conventional soliton, dissipative soliton (DS), polarizationlocked soliton and so on [18] , [22] - [24] . Recently, dissipative soliton resonance (DSR) aiming for boosting the single-pulse energy has attracted significant research attention [19] . The characteristic of the DSR phenomenon is that the rectangular pulse width increases with the increase of the cavity power, and the peak power is almost unchanged. In theory, according to the cubic-quintic Ginzburg-Landau equation (CGLE), DSR pulse energy could be increased indefinitely, which is an effective way to obtain high-energy pulses without fluctuations. Most of the previous researches on DSR focused on Ytterbium-doped fiber lasers (YDFLs) and Erbium-doped fiber lasers (EDFLs) operating at 1 μm and 1.5 μm, respectively due to the off-the-shelf high dispersion fibers and optical components at these wavelengths [20] , [25] - [27] . For 2 μm, thulium-doped fiber lasers (TDFLs) are also demonstrated to produce DSR pulse by using the ultra-high numerical aperture fiber [21] . However, due to small dispersion of the fiber, the required fiber is relatively long.
As mentioned above, optical fibers with flattened normal dispersion are essential for SC generation with high coherence and DSR generation with compact configuration. Photonic crystal fiber (PCF), whose cladding is replaced by specific periodic structures offers more possibilities to manipulate the features of light propagating inside [28] - [31] . Therefore, fiber dispersion can be more precisely tailored in PCF comparing with traditional step index fibers. Thanks to these advantages, various PCFs are proposed at 2 μm band. For example, tellurite PCF with broadband ultra-flattened dispersion ∼61 ps·nm −1 km −1 can be achieved within wavelength from 2.15 μm to 2.85 μm [32] . Tee et al. presented a near-zero flattened dispersion ZBLAN PCF within 2 μm-3.5 μm [33] . Besides the above-mentioned ones, fibers with flattened large all-normal dispersion can be of great potential for dispersion management at 2 μm.
A slot waveguide can transmit light with a strong field confinement across the subwavelengthscale low-index slot, resulting an effective method to modify the dispersion characteristics. The confinement originates from the large discontinuity of the electric field at a high-index-contrast interface [34] . Recently, the slot effect is transplanted in optical fiber design to tailor the fiber characteristics as well [35] , [36] . However, the technique to fabricate a slot in fiber is one of the challenge that need to be faced. Recently, Jiang et al. described the successful fabrication of a ZBLAN PCF with a high air-filling fraction and subwavelength air holes [37] , [38] . This kind of improved "stack-and-draw" procedure provides promising support for slot fiber manufacturing.
In this paper, by drawing lessons from the slot waveguide, we proposed a modified PCF by inserting a subwavelength air hole in the core center for tailoring the fiber dispersion. Such hole confines a large portion of optical fields due to the high index contrast between air and fiber material so that the dispersion can be significantly modified. A broadband ultra-flattened normal dispersion at 2 μm is thus obtained. The fiber is consequently used for highly coherent SC and DSR generation, the dispersion of the proposed ultra-flattened normal dispersion fiber (UNDF) can be kept within −72.4 ps·nm −1 km −1 to −73.15 ps·nm −1 km −1 from 1750 nm to 2350 nm wavelength. Based on these advantages, we show that such fiber is suitable for coherent SC generation and DSR pulse generation.
Fiber Design

Fiber Structure
The structure of the proposed ultra-flattened normal dispersion fiber (UNDF) is illustrated in Fig. 1(a) . The UNDF consists of ZrF 4 -BaF 2 -LaF 3 -AlF 3 -NaF (ZBLAN) and air holes. The cladding is composed of five layers of air holes with a pitch P. The first layer is used for adjusting the dispersion. The diameters of the first and 2nd-5th layers of air holes are d 1 and d 2 , respectively. Contrary to the conventional PCF structure, there is an air hole with subwavelength scale alone the fiber axis to induce the slot effect and its diameter is denoted by a.
The material dispersion of ZBLAN can be calculated from the Sellmeier equation as follows [39] 
with coefficients λ 1 = 0.0954 μm, λ 2 = 25 μm, f 1 = 1.168 and f 2 = 2.77 [40] , λ is wavelength of incident light in vacuum. The refractive index of ZBLAN is shown in Fig. 1 
(b). The group velocity dispersion is defined as
where c denotes the speed of light in vacuum, Re(n eff ) represents the real part of the mode index at the wavelength of λ. Nonlinear coefficient γ is given by [41] :
where A eff is the mode effective area and n 2 is the nonlinear refractive index with value of 2.1 × 10 −20 m 2 /W. Fig. 1(a) shows the cross-section of the proposed fiber. In order to study the impact of fiber structure on dispersion characteristics, different values of a, d 1 and P are considered, and the results are shown in Fig. 2 . The dispersion is normal in the whole scanning wavelength range and becomes larger as a increases, the dispersion curve is the most flattened when a = 0.42 μm. The air hole diameter d 1 also demonstrates impacts on the dispersion profile and the dispersion can be further flattened by tailoring d 1 to be ∼0.7 μm, as shown in Fig. 2(b) . Different from a and d 1 , the flatness shows less dependence on the pitch P. Nevertheless, the dispersion values can be well-controlled by this parameter with little perturbation to the flatness. As shown in Fig. 2 (c), with a = 0.42 μm, d 1 = 0.7 μm and d 2 = 1.0 μm, the dispersion decreases when P increases from 1.4 μm to 1.7 μm. At the 2 μm wavelength, the dispersion is −48.1 ps·nm −1 km −1 when P = 1.7 μm and increases to −90.1 ps·nm −1 km −1 when P = 1.4 μm. From the viewpoint of DSR generation, a large dispersion is desired, which means P should be smaller. However, as d 2 /P is larger, the gap between the air holes will be shrank, which may cause the optical fiber to collapse easily during fabrication. Therefore, we choose a = 0.42 μm, d 1 = 0.7 μm, d 2 = 1.0 μm, and P = 1.5 in the following analysis. In this condition, the dispersion of the proposed UNDF shows smallest variation and can be kept within −72.4 ps·nm −1 km −1 to −73.15 ps·nm −1 km −1 from 1750 nm to 2350 nm wavelength, as shown in Fig. 2(d) (note the change in y-axis range). The dispersion slope is 8.2 × 10 −4 ps·nm −2 km −1 and the corresponding nonlinear coefficient is 7.6 W −1 km −1 at 2000 nm. The insets demonstrate the mode profile at 2000 nm, we can see that the electric field at the center air hole is significantly enhanced. It shows that though the refractive index of air is smaller than the fiber material, the discontinuity of electric field vector at the high-index-contrast interface of air and the fiber material still ensure effective field confinement.
Dispersion Optimization
UNDF-Based Supercontinuum Generation
With all-normal and flattened dispersion, the fiber is investigated for SC generation. The generalized nonlinear Schrödinger equation (GNLSE) is employed to describe the pulse propagation in the UNDF [42] , [43] 
where A(z, T) is the slowly varying complex electrical field envelop at a propagation distance z. α is the linear propagation loss of the UNDF, β k presenting the dispersion coefficients associated with the Taylor series expansion of the propagation constant β(ω). R(t) is the Raman response function:
where f R is the fractional contribution of the delayed Raman response, f R , τ 1, τ 2 are related to the fiber material. For ZBLAN, f R = 0.1929, τ 1 = 9 fs, τ 2 = 134 fs [44] . In our simulation, the fiber length is 50 cm. Due to the short length of fiber and the very low loss of ZBLAN fiber at 2 μm band, propagation loss is neglected in the simulation. The nonlinear coefficient γ is 7. /m respectively. Hyperbolic secant pulse was selected as the pump pulse with peak power P 0 of 20 kW and full-width at half-maximum (FWHM) of 100 fs. Simulated evolution of spectral and temporal are shown in Fig. 3(a) and (b) . It can be seen from the figure that in the evolution of the pulse spectrum with the transmission distance, the spectral broadening is completed within a certain distance ∼10 cm and dominated by SPM. When the transmission distance increases further, the spectrum is no longer broadened. For example, the spectral spread width at 10 cm and 50 cm are basically the same. This can be attributed to the large dispersion which degrades the pulse peak power quickly and therefore limiting the spectrum broadening. Nevertheless, the 10 dB and 20 dB bandwidth are still as wide as 238 nm and 285 nm respectively.
The modulus of complex degree of coherence is calculated by [45] , [46] g
12 (λ,
where E is the electric field intensity, t is the time measured on the scale of the temporal resolution of the spectrometer used to resolve these spectra. The angle brackets represent the overall average of the independently generated pairs of SC spectra. Fig. 3(c) is the evolutions of coherence properties of the generated SC. The closer to 1, the better the coherence. The generated SC spectra keeps a high degree of coherence because the main driving mechanism in the all-normal dispersion regime is SPM. Additionally, since the dispersion curve is ultra-flattened, the spectra broadening always maintains within the normal dispersion regime ensuring the strong contribution of SPM with high coherence. The influence of the peak power on the SC broadening of the UNDF is plotted in Fig. 3(d) . With the peak power increasing from 10 to 40 kW, the output spectra get broadened. The obtained SCs always possess the high spectral flatness. 
UNDF-Based Fiber Laser for DSR Generation
Recently, the pulse evolution process from dissipative soliton (DS) to DSR in the fiber laser has been analyzed in [47] . However, in this study, the SA is modeled by a Sine-like transmissivity curve, which is not related to practical optical components. For a deeper understanding of the DSR building process in mode-locked fiber lasers, a NOLM constructed by UNDF is placed in a TDFL to play the role as SA and the pulse evolution process is studied in detail.
Laser Configuration and Numerical Modeling
As shown in Fig. 4(a) , the NOLM is formed by an optical coupler (OC) and a section of UNDF. It relies on the interference of the counter-propagating fields, so its saturation power is inversely proportional to the product of splitting ratio and loop length. To achieve low saturation power, we chose a 20:80 coupler and 3-meter-long UNDF. The second-order dispersion parameter of UNDF and nonlinear coefficient γ UNDF are calculated to be 0.155 ps 2 /m and 7.6 W −1 km −1 at 2000 nm, respectively. The light propagates to the NOLM and is divided into two parts by the 20:80 coupler. Two beams of different intensity pass through the PCF in clockwise and counterclockwise directions, respectively. A cw1 and A ccw1 are the optical pulse envelope amplitudes of the two different directions divided by the coupler, calculated by: and
where A 0 is the amplitude of the optical pulse envelope input to the coupler, the split coefficient SC of the 20:80 coupler is 0.2. The propagation of pulse in PCF is described as [48] :
The optical power after at the output port is calculated by:
where A cw2 and A ccw2 represent the two beams after passing through the PCF, and they finally interfere with each other at the output port. The transmissivity T of NOLM can be calculated as follows:
where P p eak i n and P p eak out represent the pulse peak power of the input and output NOLM, respectively. The transmissivity curve of the NOLM is shown in Fig. 4(b) . The transmissivity increases as input peak power increment within 0∼60 W, showing typical SA property. However, the transmissivity decreases with higher input peak power, demonstrating power clamping effect, which is essential for DSR. It can be seen that the modulation depth is ∼0.54 and the saturation peak power is ∼60 W.
The schematics of the all-fiber figure-eight passively mode-locked TDFL is shown in Fig. 5 . The right part is the above NOLM. At the left part, the 793 nm pump light is coupled into the fiber via In numerical simulation, the propagation of pulse in fiber is described by Ginzburg-Landau equation [48] 
where T 2 denotes the relaxation time, T 2 = 1/ ω, ω = 2πc λ / λ 2 , where ω represents the gain bandwidth, λ means the corresponding FWHM wavelength bandwidth, the gain coefficient g is given by
where E Sat is the gain saturation energy, g 0 is small signal gain at the central wavelength, and E p ulse is pulse energy.
Results and Discussion
To accelerate the convergence of the calculation, initial cavity condition is set to be a 10 ps chirp-free pulse with energy of 100 aJ [30] . The peak power and the central wavelength of the initial pulse are ∼9.4 μW and 2000 nm, respectively. The value of g 0 is fixed at 2 dB/m. And the gain bandwidth is 40 nm with a Gaussian shape. Under the parameters of the above oscillator, we gradually increase the value of E Sat and observe the change of the output pulse. We first choose four different values of E Sat as 0.205 nJ, 0.22 nJ, 0.235 nJ and 0.25 nJ, the laser output is shown in Fig. 6 . Obviously, the cavity delivers optical pulses with steep spectral edges, which is the signature of typical DS. The pulse energy increases from 287.1 pJ to 424.3 pJ as E Sat increases. With the energy increment, the peak power further raises by "over-compression" of the pulse, resulting in little change on FWHM.
The spectrum is slightly broadened as well due to self-phase-modulation-(SPM)-induced nonlinear phase shift. Then, we continue to increase E Sat to 0.3 nJ, 0.4 nJ, 0.5 nJ and 0.6 nJ, see Fig. 7 . On the one hand, the peak power increases with larger E sat , which is similar with the DS. On the other hand, higher power part of pulse encounters larger loss induced by NOLM. Therefore, the peak power increasing speed has been slowed down, and the energy flowing tends to broaden the pulse instead of over-compressing it. The pulse width increases to 8.8 ps, 10.8 ps, 13.0 ps, 15.1 ps, respectively. Since the central portion of the spectrum experiences larger gain than the edge, the amplitude of the central spectrum becomes diverging from the edge, which is more like DSR. Therefore, this operation regime is a transition state (TS), demonstrating both DS and DSR characteristics.
Further increasing the E Sat to 1.0 nJ, 1.4 nJ, 1.8 nJ and 2.2 nJ, the laser is fully turned to generate DSR pulses. As shown in Fig. 8(a) , the pulse width gradually increases while its top gradually changes from a bell shape to a rectangle. At the E Sat = 2.2 nJ, the maximum pulse width is 52.6 ps and the pulse energy is calculated to be 4.3 nJ. Peak power is clamped to an almost constant value (82.68 W, 83.38 W, 83.59 W and 83.65 W, respectively), and the pulse becomes rectangular. At this time, reverse SA plays a key role in DSR pulses formation. The peak power of the DSR we observed at the NOLM output is clamped at 60.82 W, which matches well with the transmission property of the UNDF-based NOLM. Meanwhile, the chirp at the pulse peak becomes smaller since the top of pulse becomes more flattened, which introduces more uniform SPM effect. As the pulse spectra shown in Fig. 8(b) and (c), we found that the newly generated energy locates on the center part of the spectrum while the rectangle part is unchanged. Most energy is stored near the central chirp-free wavelength regime forcing a narrower 3 dB bandwidth. The power scaling relation is drawn in Fig. 8(d) to understand the power characteristics of the DSR laser. Both pulse width and pulse energy monotonically increase indicating the DSR is an efficient way to obtain high-energy pulses.
Conclusion
In conclusion, a PCF with broadband ultra-flattened normal dispersion at 2 μm is proposed and investigated. The fiber consists a subwavelength air hole which confines strong optical field in the core center so that the dispersion relation can be effectively tailored. By selecting the appropriate center air hole diameter and carefully arranging the cladding air hole distribution, the proposed UNDF demonstrates large flattened dispersion ∼−73 ps·nm −1 km −1 in the wavelength range from 1750 nm to 2350 nm. The applications of this fiber for SC and DSR soliton generation are investigated further. The generated SC spectrum keeps a high degree of coherence with 10-dB bandwidth more than 200 nm. By inserting the UNDF in an all-fiber figure-eight mode-locked TDFL, the pulse evolution process from DS to DSR is well studied. The UNDF can be employed for both linear and nonlinear applications in the emerging 2 μm band.
